Aims To examine the rate of macular thickness loss using time-domain optical coherence tomography (OCT) in functionally progressing versus non-progressing eyes, determined by standard automated perimetry (SAP). Methods Glaucoma suspects (GS) and glaucomatous (G) eyes underwent SAP and OCT imaging every 6 months. Functional progression was determined using pointwise linear regression, defined as 2 contiguous locations losing Z1.0 dB/year at Po1.0% in the same hemifield. The annual rate of macular thickness loss was calculated from inner and outer regions of the macular map. Results 72 eyes (43 GS and 29G) with Z30 months of follow-up were enroled. Fourteen eyes demonstrated SAP progression. The annual rate of macular thickness loss (mm/year) in progressing eyes was faster (all Po0.05) than non-progressing eyes in temporal outer ( À 1.90±2.97 vs 0.33±2.77), nasal inner ( À 1.70±2.66 vs 0.14±2.76), superior inner ( À 2.15 ± 4.57 vs 0.51 ± 2.99), temporal inner quadrants ( À 2.58 ± 5.05 vs À 0.38 ± 2.34), and the average of inner macular quadrants ( À 1.84 ± 2.90 vs 0.03 ± 2.10). The rate of loss in the nasal inner (P ¼ 0.02) and temporal outer (P ¼ 0.02) macular regions was associated with optic disc haemorrhage. Conclusions Eyes with SAP progression have significantly greater rates of macular thickness loss consistent with glaucomatous retinal ganglion cell atrophy, as compared with non-progressing eyes.
Introduction
Glaucoma is a progressive optic neuropathy in which there is a loss of retinal ganglion cells (RGCs) and their axons. 1 It has been demonstrated that glaucomatous damage to the retinal nerve fibre layer (RNFL) precedes functional loss by as much as 5 years. [2] [3] [4] [5] [6] [7] Loss of the RGCs and their axons is known to occur in the posterior pole, where approximately one-third of the RGC population resides. A significant association exists between loss of retinal thickness in the posterior pole and visual changes. 8 Optical coherence tomography (OCT) is a high-resolution, micron scale, cross-sectional imaging modality that is based upon interferometry. 9 OCT provides quantitative assessments of the retina and optic nerve by measuring the echo time delay and intensity of backscattered light from posterior segment structures. Cross-sectional studies have demonstrated that OCT can provide robust discrimination between normal and glaucomatous eyes [10] [11] [12] and is capable of detecting progressive glaucomatous RNFL atrophy. 13, 14 Thus, the quantitative measures provided by OCT may serve as a useful adjunct to longitudinal assessment of visual function with standard automated perimetry (SAP) and optic nerve appearance using clinical examination stereoscopic optic disc photography in detecting glaucoma progression.
In cross-sectional studies, OCT-derived macular thickness has been shown to be well correlated with changes in visual function and RNFL [15] [16] [17] [18] [19] consistent with glaucomatous RGC atrophy. We hypothesized that progressive retinal thickness atrophy in the macular region could represent a surrogate biomarker for detecting progressive glaucomatous structural change over time. This prospective analysis was designed to compare the rate of macular thickness loss measured with OCT in progressing versus non-progressing eyes as defined using standard automated perimetry (SAP).
Materials and methods
This was a prospective longitudinal cohort study. Participants consisted of glaucoma suspects and glaucoma patients who were prospectively enroled in the Advanced Imaging in Glaucoma Study (AIGS) conducted at Bascom Palmer Eye Institute, Palm Beach Gardens, FL, USA and were examined every 6 months. Informed consent was obtained from all subjects using a consent form approved by the Institutional Review Board of the University Of Miami Miller School Of Medicine, which was in agreement with the provisions of Declaration of Helsinki. One study eye was chosen from each patient and was selected based on whichever eye was first determined to demonstrate SAP progression. If neither eye demonstrated progression, the study eye was randomly selected. Eyes meeting inclusion criteria withZ30 months of follow-up were included. Inclusion criteria common to both groups consisted of spherical equivalent refractive error between À 7.00 and þ 3.00 D sphere, best corrected visual acuity (BCVA) of 20/40 or better, age between 40 and 79 years, and no prior history of intraocular surgery except for uncomplicated cataract extraction. Subjects with ocular disease other than glaucoma or cataract, parapapillary atrophy extending to 1.7 mm from the centre of the optic disc, unreliable SAP, or poor quality OCT images were excluded.
Glaucoma suspects consisted of eyes with ocular hypertension (OHT) characterized by an intraocular pressure (IOP)Z24 mm Hg with normal optic discs and normal SAP, or those with glaucomatous optic neuropathy on funduscopic examination and review of stereoscopic optic disc photographs and normal SAP (preperimetric glaucoma; PPG). Glaucomatous optic neuropathy was defined as neuroretinal rim narrowing to the optic disc margin, notching, excavation or RNFL defect. Glaucomatous eyes had glaucomatous optic nerve damage, and corresponding abnormal SAP defined as an abnormal glaucoma hemifield test, and pattern standard deviation outside 95% normal limits. Eyes with SAP abnormalities had at least one confirmatory visual-field examination. All patients underwent a baseline examination consisting of a complete ophthalmic examination including slit-lamp biomicroscopy, gonioscopy, Goldmann applanation tonometry, ultrasound pachymetry, dilated stereoscopic examination and photography of the optic disc, SAP, and OCT imaging. All eyes underwent follow-up SAP and OCT imaging at 6-month intervals. During the follow-up period, each patient was treated at the discretion of the attending physician.
OCT imaging and analysis
OCT imaging was performed in a standardized fashion without pharmacologic pupil dilation, unless the pupil was too small to permit imaging. Poor quality scans were excluded, including scans with motion artefact, poor centration, segmentation error, or signal strengtho5. The OCT calibration was checked annually by authorized technicians in accordance with the manufacturer's guidelines. A commercially available Stratus OCT (Carl Zeiss Meditec, Dublin, CA, USA; software version 5.0) was used to perform macular imaging, using the fast macular thickness map scan which utilizes six 6-mm radial scans centred on the fovea, each comprised of 128 individual A-scans, and an acquisition time of 1.9 s. The OCT software determines the macular thickness as the distance between the vitreoretinal interface and the hyperreflective band corresponding to the retinal pigment epithelium. These scans are processed to produce a topographic map of the macula using three concentric circles with diameters of 1, 3, and 6 mm that divide the macular thickness map into three zones: fovea, inner macula, and outer macula. The inner and outer zones are further divided into four quadrants by two diagonal lines. Thus, a total of nine areas (fovea, superior outer, superior inner, inferior outer, inferior inner, temporal outer, temporal inner, nasal outer, and nasal inner) are available for analysis. OCT parameters investigated in this study consisted of inner macular thickness (average, temporal, superior, nasal, and inferior), outer macular thickness (average, temporal, superior, nasal, and inferior), and average total macular thickness (inner and outer zones) calculated as the weighted average of the sectoral macular thickness measurements excluding the fovea. The weighting process is part of the OCT-automated software for the calculation of sectoral macular thickness. Each OCT measurement was repeated twice at each session and the average of two high-quality images was included in the analysis. When a patient had one scan of sufficient quality and one scan of insufficient quality, the scan with insufficient quality was excluded and the scan with sufficient quality was included in the analysis.
Assessment of progression using standard automated perimetry SAP was performed using the Swedish Interactive Threshold Algorithm strategy (Humphrey Field Analyser 750 II-I, 24-2 SITA Standard; Carl Zeiss Meditec Dublin, CA, USA). Only reliable test results (o 33% fixation losses, false-negative results, and false-positive results) were included. All patients were familiar with automated perimetry and had undergone a minimum of two visual field tests before study enrolment.
SAP progression was defined using pointwise linear regression (PLR) analysis of SAP sensitivity values using Progressor software (Version 3.3; Medisoft, Leeds, UK), generating slopes to analyse the rate of global and local sensitivity change and the associated level of significance (P-values). Progression with PLR criteria was defined as 2 contiguous locations in the same hemifield that were losingZ1.0 dB/year with Po0.01. 20, 21 All patients had visual fields and OCT imaging performed on the same day. The average number of visual fields included in the progression analysis was 9.75 ± 2.2 (range 5-15) for each patient. During the follow-up period, 72 eyes had a total of 705 visits, 705 visual fields, and 1410 OCT images available, of which 29 glaucomatous eyes had 257 visual fields and 514 OCT images available, and 43 glaucoma suspect eyes had 448 visual fields and 896 OCT images available. Of the total of 1410 OCT images acquired during the study, 21 scans (1.5%) were excluded from analysis owing to insufficient quality.
Statistical analysis
Statistical analysis was performed using JMP software version 8.0 (SAS Inc., Cary, NC, USA) and SPSS 18 (SPSS, Chicago, IL, USA). The rate of macular thickness loss over time (mm/year) was calculated for each eye using linear regression analysis as the amount of change in macular thickness in mm per each follow-up year. Clinical characteristics of the study population were compared using analysis of variance (ANOVA) with Tukey Kramer HSD test, and w 2 tests. Linear mixed-effect models were constructed with both fixed and random effects included to evaluate the relationship between the slope of macular thickness loss and SAP progression over time and address-repeated longitudinal measurements over time. These models facilitated the analysis of all available data considering the group effects, and random patient effects. Categorical predictor variables included optic disc haemorrhage, diagnosis (perimetric glaucoma, PG, or glaucoma suspect, GS), and the status of visual field progression. Continuous variables included baseline central corneal thickness (CCT), and IOP measures including mean, peak, and long-term IOP fluctuation (defined as peak-trough IOP during the follow-up period). Separate models were constructed to accommodate different measures of IOP. Random effects for 'patient' and 'eye nested within patient' were included in these models to accommodate serial dependence within eyes over time, as well as associations between the left and right eyes. All tests were two-sided and P-value ofo0.05 was considered significant. 
Results
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The AIGS protocol defines the glaucoma suspect group as those with ocular hypertension (OHT) and/or preperimetric glaucoma (PPG). We compared OHT and PPG groups, respectively, with regard to age (61.9 ± 9.7, 63.1±10.3, P ¼ 0.93), CCT (561.3±35.3, 546.9±27.1; P ¼ 0.36), baseline IOP (21.4±3.3, 16.2±3.5; Po0.001), gender (P ¼ 0.27), race (P ¼ 0.13), and progression status (P ¼ 0.70). The demographic and clinical characteristics of the OHT and PPG groups were similar with no difference in SAP MD ( À 0.09 ± 0.77, 0.16 ± 0.91; P ¼ 0.97) or PSD (1.53 ± 0.34 vs 1.42 ± 0.30, P ¼ 0.92). The PSD was significantly different between the perimetric glaucoma and PPG (Po0.001), and perimetric glaucoma and OHT groups (Po0.001). Figure 1 illustrates the right eye of a 75-year-old patient with normal-tension glaucoma and demonstrates progressive glaucomatous visual field damage associated with progressive diffuse macular thickness loss. The top panel (baseline examination) demonstrates an average total macular thickness of 195.5 mm (left), advanced glaucomatous optic nerve head cupping with disc haemorrhage (arrow, middle) and inferior arcuate scotoma on standard automated perimetry (right). After 4 years of follow-up, the bottom panel demonstrates diffuse macular thickness loss with average total macular thickness of 165.13 mm ( À 7.6 mm/year), progressive optic atrophy, and progressive visual field loss (annual decline in visual field index À 4%/year).
A total of 14 eyes (19%), composed of 6 glaucoma suspect and 8 glaucomatous eyes, demonstrated SAP Figure 1 Right eye of a patient with normal-tension glaucoma demonstrates progressive glaucomatous visual field damage associated with progressive diffuse macular thickness loss. The top panel (baseline examination) demonstrates an average total macular thickness of 195.5 mm (left), advanced glaucomatous optic nerve head cupping with disc haemorrhage (arrow, middle) and inferior arcuate scotoma on standard automated perimetry (right). After 4 years of follow-up, the bottom panel demonstrates diffuse macular thickness loss with average total macular thickness of 165.13 mm ( À 7.6 mm/year), progressive optic atrophy, and progressive visual field loss (annual decline in visual field index, À 4%). progression during the follow-up period. Table 2 illustrates the baseline macular thickness values in progressing and non-progressing eyes. Baseline macular thicknesses were similar (P40.05) in all macular sectors, and macular sector averages between progressing and non-progressing eyes. Table 3 demonstrates the mean ± SD and 95% confidence intervals for the slope of macular thickness loss (mm/year) measured using OCT in eyes judged to have progressing and non-progressing visual fields. The annual rate of macular loss (mm/year) was significantly greater in the temporal inner macula (P ¼ 0.02), the superior inner macula (Po0.01), the nasal inner macula (P ¼ 0.03), the temporal outer macula (P ¼ 0.01), the average of the inner macular parameters (P ¼ 0.01), and the average of all 8 parameters (P ¼ 0.04). A positive rate of mean macular thickness change over time was observed in 4 macular parameters in nonprogressing eyes, but the slope was not significantly different from zero for any of these parameters (P40.05). We examined the relationship between the rate of change in macular thickness and visual function among progressing eyes (n ¼ 14). Four of 14 eyes (28.6%) had progressive visual field loss within the central 101 eccentricity. Table 4 illustrates the correlation between macular thickness change (mm/year), average slope for visual field test locations showing progression (dB/year), and the mean slope of the visual field among eyes with SAP progression (dB/year). Superior inner, nasal inner, and superior outer macular thickness (R 2 ¼ 0.67, 0.57, and 0.41, respectively) were significantly (Po0.001, 0.002, and 0.01) correlated with the slope of progressing visual points. Superior inner, inferior inner, and nasal outer macular thickness (R 2 ¼ 0.67, 0.30, and 0.27, respectively) were significantly (Po0.001, 0.04, and 0.05) correlated with the mean slope of the visual field. We also evaluated the relationship between the slope of change in the central 4 and 16 test locations (dB/year) and the slope of change in the inner macula, and average macular thickness (mm/year) among progressing eyes (n ¼ 14). There was no association between the rate of central visual field loss and the rate of macular thickness loss in the average, inner, and outer regions (all pairwise correlations: ro0.09, P40.05).
Using linear mixed-effects models, we examined the associations between the rate of macular thickness loss in different regions (mm/year), and the follow-up period, Progressive macular thickness loss in glaucoma PI Niles et al IOP, CCT, SAP MD, SAP pattern standard deviation (PSD), disc haemorrhage, the variance in macular signal strength, and the diagnosis of glaucoma and visual field progression. We found that the rate of loss in the nasal inner (P ¼ 0.02) and temporal outer (P ¼ 0.02) macular region were significantly associated with occurrence of optic disc haemorrhage during the follow-up period.
Discussion
Detecting progressive loss of the RGCs and their axonal fibres is a critical aspect of glaucoma diagnosis, monitoring, and management, and is facilitated by digital ocular imaging technologies. OCT is capable of detecting progressive glaucomatous RNFL atrophy. 22, 23, 13, 24, 25 Medeiros and colleagues 23 reported a patient in whom progressive RNFL atrophy was detected, using OCT 70 days following traumatic optic neuropathy. Wollstein and colleagues 24 demonstrated that OCT was at least as sensitive as standard automated perimetry in detection of glaucomatous progression among 64 eyes with primary open-angle glaucoma (POAG) followed for a mean of 4.7 years. Leung et al 22 reported that Stratus OCT detected variable rates of RNFL thickness loss (median loss -3.3 mm/year) among a cohort of 64 patients followed for 5 years. Defining progression as having a statistically significant negative trend in linear regression analysis, recent evidence 26 demonstrates that OCT detected fewer eyes with progression compared with SAP visual field index and neuroretinal rim measurements with the Heidelberg Retinal Tomograph (Heidelberg Engineering, Heidelberg, Germany).
We conducted this analysis to compare rates of progressive glaucomatous macular atrophy as measured using OCT in eyes judged to have SAP progression or non-progression, based upon trend-analysis criteria. Although glaucoma is an optic nerve disorder, the fundamental defining pathology is localized at the level of the RGC. A significant proportion of RGC population resides in the macula, but is clinically undetectable on ophthalmoscopic examination. Several macular sectors, including the temporal inner macula, the superior inner macula, the nasal inner macula, the temporal outer macula, and the average of all macular sectors, excluding the fovea, demonstrated significant differences in the rates of macular atrophy in progressing versus nonprogressing eyes. These data shows that, in glaucomatous eyes without macular pathology, significant macular atrophy over time should heighten a clinician's suspicion of possible progression. We found a significant relationship between the rate of macular thickness loss and the rate of localized and diffuse visual field decline as measured using PLR. Macula thickness atrophy is a surrogate biomarker of progressive RGC loss. A 6 mm diameter macular map corresponds to visual angle of B101 from fixation. Although not obtained in the present study, central 10-2 visual fields would be expected to demonstrate a more robust relationship between progressive loss of macular thickness and visual function. Kanadani et al 27 examined the relationship between OCT macular thickness and central 10-2 visual field loss among 55 eyes with glaucoma and found very high rates of concordance among eyes that had at least one abnormal point-out of the 16 central points on the 24-2 visual field. In the present study, progression occurred outside the central 101 in 71% of eyes and may have escaped detection of progression RGC loss, using a macular map of this diameter. It should be noted that the rate of optic disc, RNFL, and visual field decline is characterized by considerable variability both within and between individuals. 26, [28] [29] [30] [31] [32] [33] To our knowledge, this is the first study to demonstrate progressive macular thickness atrophy in eyes with SAP progression. Our results differ from those published by Medeiros et al, 23 in which no detectable macular thickness loss over time was detected among 31 of 253 (13%) eyes that demonstrated progressive changes by stereophotographs and/or SAP. Differences in the methodology, study population, and analysis methods between our studies likely contributed to differences in these outcomes. B40% of progressing eyes, in the study by Medeiros and colleagues, had isolated changes in the optic nerve head without concomitant SAP progression. Early structural changes before visual field changes may have therefore escaped detection in the macular region. Data to support this has been demonstrated by Tan et al 34 who reported that eyes with pre-perimetric glaucoma had similar macular thickness measurements using OCT (229.1±14.5 mm) as compared with normal eyes (238.3±13.0 mm). Differences in the definition of visual field progression may also explain the disparities between our results. Previous studies 20, [35] [36] [37] [38] have shown that different progression criteria do not necessarily identify the same eyes as progressing. The study by Medeiros and colleagues defined SAP progression using an event analysis derived from the Early Manifest Glaucoma Trial 39 consisting of a change in three or more of the same test points on three follow-up consecutive tests. Our study utilized a trend-based analysis defined as 2 contiguous locations in the same hemifield that were losing Z1.0 dB/year with Po0.01 20 which was selected as a sensitive and specific outcome measure for detecting localized functional progression 40 as well as for comparison of rates of change in macular structure and visual function over time. Although our study was not designed to compare progressive glaucomatous changes in the macular region to circumpapillary RNFL, additional studies are currently in progress to compare the sensitivity and specificity of both structural outcome measures.
Advances in spectral domain OCT (SDOCT) technology have the potential to greatly enhance detection of progressive glaucomatous structural changes in the macular region over time. Segmentation of retinal layers, such as the ganglion cell complex 34 consisting of the combined nerve fibre, ganglion cell, and inner plexiform layers, may enhance detection of localized glaucomatous changes. The faster speed of SDOCT (65x Stratus OCT) allows high-density scanning over a large region of the macula with less motion artefact, higher resolution, and improved repeatability could improve the ability to track glaucomatous thinning over time. Recent data 41 has shown that SDOCT outperformed Stratus OCT in detecting more eyes with RNFL progression and fewer eyes with RNFL improvement, suggesting that SDOCT may detect changes in RNFL thickness sooner than the Stratus OCT owing to reduced measurement variability. Future studies are warranted to compare the sensitivity and specificity of GCC with total macular thickness for detection of glaucoma progression.
Our study has potential limitations. We enroled a relatively small sample size of glaucoma suspect and glaucoma patients in this prospective trial. In addition, patients were treated at the discretion of the physician, which could influence the rate of progression. Although we found that the rate of loss in the nasal inner and temporal outer macular region were significantly associated with occurrence of optic disc haemorrhage during the follow-up period, our study may be underpowered to identify risk factors associated with progressive macular thickness atrophy. Biologically, one would expect that the loss of RGCs and their axons should be strongly associated with a measurable loss of visual function. However, data from large prospective randomized clinical trials often demonstrate discordance in the timing for detecting a change in structure and visual function. For example, in the Ocular Hypertension Treatment Study, 42 there were 69 optic disc endpoints and 44 visual field endpoints, but only 12 patients with both optic disc and visual field endpoints. In the European Glaucoma Prevention Study, 43 there were 42 optic disc endpoints and 64 visual field endpoints, but no patients with both structure-based and functional endpoints. Our findings are similarly discordant. We speculate that longer follow-up periods may be required to demonstrate a more robust correlation between changes in macular thickness, optic disc haemorrhage, and visual field progression.
Our protocol consisted of central 24-2 threshold fields, and a large proportion of glaucomatous field defects were localized outside of the central 16 points. Central 10-2 visual field exams serve as a more robust strategy for assessing the structure-function relationship in the macular region. Test-retest variability and age-related macular changes may also limit the ability to use macular thickness measurements as a clinical endpoint for glaucoma progression. Lastly, it is important to emphasize that macular thickness measurements have limited use for monitoring glaucoma in eyes with macular co-morbidity. Thus, eyes with diabetic or agerelated maculopathy are not candidates for monitoring macular thickness changes as a strategy for glaucoma diagnosis or detection of glaucomatous progression.
In conclusion, OCT is useful for detection of glaucomatous structural progression and quantifying the velocity of progressive macular loss. Emerging therapeutic strategies, such as neuroprotection, emphasize the need to identify and measure the RGCs for glaucoma diagnosis and monitoring. The present study demonstrates that progressing eyes have a significantly greater rate of macular loss compared with non-progressing eyes. This rate of macular atrophy is correlated with the rate of visual field progression and may be a useful biomarker for glaucoma monitoring.
Summary
What was known before K Optical coherence tomography provides robust discrimination between normal and glaucomatous eyes.
What this study adds
K The annual rate of macular thickness loss in functionally progressing eyes is faster than non-progressing eyes and the rate of loss is associated with optic disc haemorrhage.
